This study aims at investigating the effect of restricted zone in Superpave specifications for aggregate gradations on volumetric properties as well as compaction properties of asphalt mixtures. The aggregate specifications in the Superpave system include a restricted zone that lies along the maximum density line and through which gradations are not recommended to pass. Fifteen different gradations of limestone aggregate covering three nominal maximum aggregate sizes (NMAS) of 19.0, 12.5, and 9.5 mm were used in this study. These gradations covered five types: Below Restricted Zone (BRZ), Above Restricted Zone (ARZ), Through Restricted Zone (TRZ), Hump through Restricted Zone (HRZ), and Crossover through Restricted Zone (CRZ). Originally, it was observed that mixtures closely following the 0.45 power maximum density line in the finer gradation had unacceptably low voids in mineral aggregate (VMA). Low VMA values normally lead to less effective asphalt binder content in the asphalt mixture and result in instable mixture. In this study, the effect of these variations with respect to restricted zone avoiding, passing, crossing, or humping on the volumetric properties of mixtures was investigated.
INTRODUCTION
The restricted zone is that area on the FHWA's 0.45 power chart in Superpave specifications through which aggregate gradations are not allowed to pass through. The restricted zone varies with the Nominal Maximum Aggregate Size (NMAS) for the gradation. It is associated with the Superpave mixture design.
In Superpave, it was originally observed that asphalt mixtures closely following the maximum density line on the 0.45 power chart in the finer gradation provided unacceptably low VMA values due to the excess of natural sand. Low VMA values typically will lead to insufficient asphalt binder coating the individual aggregate particles (less effective asphalt binder).
A study conducted by the National Center for Asphalt Technology (Kandhal and Cooley 2001) to evaluate the effect of the Superpave restricted zone on permanent deformation of dense-graded asphalt mixtures. The testing program used PG 64-22 asphalt binder, two coarse aggregates (crushed granite and crushed gravel), and ten fine aggregates with Fine Aggregate Angularity (FAA) values between 38 and 50. The study used two Nominal Maximum Aggregate Sizes (NMAS): 9.5 and 19 mm; three compaction levels: 75, 100, and 125 gyrations; and five gradation types: above, below, and through the restricted zone (ARZ, BRZ, and TRZ), humped through the restricted zone (HRZ), and crossover through the restricted zone (CRZ). Findings of the study showed that ARZ and CRZ gradations tended to provide higher VMA values; the TRZ gradation provided the lowest VMA values. The TRZ gradations generally provided the lowest VMA values for both the 9.5-mm and 19.0-mm NMAS mixes. Relatively finer gradation mixes (such as ARZ and HRZ) tended to have higher %G mm @N initial values compared with the values of TRZ, CRZ, and BRZ mixes. None of the mixes failed the %G mm @N maximum requirement of 98 percent maximum. Numerous mix designs in this study exceeded the maximum VFA requirement of 75 percent. The Superpave requirement of 65.0 to 75.0 percent for VFA effectively limited the VMA of 9.5-mm NMAS mixes to a narrow range. The study showed that both VMA and VFA requirements for 9.5-mm NMAS Superpave mix design need to be evaluated. (Anderson and Bahia 1997) discussed the Superpave mixture design process and various methods of increasing the VMA within mixtures and evaluated four different mixture gradations using crushed granite except for one blend that had 20 percent of natural sand. A PG 64-22 asphalt binder was used for mixtures, which were compacted to N design of 109 gyrations. Their study showed that the gradation passing through the restricted zone produced a mixture with low or intermediate potential for rutting. The gradation passing through the restricted zone also met the Superpave requirements for percent theoretical maximum specific gravity (%G mm ) at the initial number of gyrations (N initial ), VMA, and VFA. The gradation below the restricted zone with no natural sand showed the highest potential for rutting. (Mallick et al. 1998 ) carried out a study at the National Center for Asphalt Technology (NCAT) to evaluate the effect of the restricted zone on volumetric properties of specimens compacted with the SGC. They tested six different mixes: three with all crushed granite aggregate and three with 80-percent crushed granite and 20-percent natural sand. For each aggregate blend type, three 19.0-mm NMAS gradation shapes were studied: (1) above the restricted zone (ARZ), (2) through the restricted zone (TRZ), and (3) below the restricted zone (BRZ). These gradations were used to better evaluate the effect of the restricted zone on volumetric properties. Mix designs were conducted for each of the mixes with the SGC for a 3 to 10 million ESALs traffic level and a temperature of less than 39°C. This level of traffic yielded values of N initial , N design , and N maximum of 8, 96, and 152, respectively. The volumetric properties of the mixes at optimum asphalt content were then compared. One of the major conclusions from this study was that none of the mixes containing natural sand met all Superpave requirements for volumetric and gyratory properties. The mixtures containing all crushed material met all requirements when passing through the restricted zone and below the restricted zone. The mix with all crushed material through the restricted zone had better volumetric properties than did the mixture with 20-percent natural sand below the restricted zone. The study showed that only two mixes met all volumetric criteria, the TRZ and BRZ gradations with all crushed aggregates.
Looking into the findings of the literature review in this subject, the restricted zone in mixes with NMAS ranging from 9.5 to 37.5 mm and using different compactive efforts ranging from 75 to 150 N design gyrations was evaluated. Generally, it was concluded that asphalt mixtures that did not violate the restricted zone were not necessarily superior over the mixtures that did violate the restricted zone.
OJECTIVE
The main objective of this study is to investigate the effect of the restricted zone of the Superpave aggregate gradation on the volumetric properties and compaction properties for asphalt mixtures produced using a PG 64-16 asphalt binder and crushed limestone aggregate. Aggregate gradations above, below, through, crossover through, and hump through the restricted zone will be used for three NMASs: 9.5, 12.5, and 19.0 mm.
MATERIALS AND METHODOLOGY

Materials
The asphalt binder used in this study was a 60/70-penetration grade asphalt binder having a Superpave performance grade of PG 64-16 produced by the Jordan Petroleum Refinery (JPR). The asphalt binder was evaluated using the Superpave asphalt binder tests. The test results are summarized in Table 1 . Based upon the Superpave test results, the asphalt binder was classified as PG 64-16 according to the Superpave asphalt binder grading system (AI SP-1 2003).
Enough materials were acquired from seven different aggregate stockpiles (3 of the hot bin and 4 of the cold bin) from Al-Rujoub quarry in Irbid City. Sieve analysis was conducted on the samples from these stockpiles to double check the gradations of the stockpiles prior to testing. The sieve analysis results for the hot bin stockpiles are shown in Table 2 below. 
Aggregate Gradations
Fifteen aggregate gradations were produced: three above restricted zone (ARZ), three below restricted zone (BRZ), three through restricted zone (TRZ), three crossover through restricted zone (CRZ), and three humped through restricted zone (HRZ). The NMAS for the aggregate gradations ranged from 9.5 to 19.0 mm. Five gradation could be produced using the three aggregate stockpiles by blending; however, ten gradations were made up using Superpave criteria to achieve the study objectives. Figure 1 shows the final aggregate blends for a NMAS of 12.5 mm, which were used in this study.
Preparation of Superpave Asphalt Mixtures and Samples
Asphalt mixtures were prepared using the crushed limestone aggregate and the PG 64-16 asphalt binder. The final aggregate blends produced were used for these asphalt mixtures. A 5-percent asphalt binder content was used to prepare the asphalt mixtures. The Superpave Gyratory Compactor (SGC) shown in Figure 2 -a was utilized to compact the asphalt mixtures at a design number of gyrations (N design ) of 109 according to the Superpave specifications (design air temperature < 39°C and design traffic loading of 10-30 million ESALs) shown in Table 3 (AI SP-2 2001 ). For each sample, the mass of the asphalt mixture to achieve the target height of 115 ± 5 mm at N design of 109 gyrations was obtained by a trial and error procedure. The testing matrix for the SGC samples is shown in Table 4 below. A total number of 60 SGC samples were prepared in this study (Figure 2-b) .
ANALYSIS AND DISCUSSION
G mb and G mm for SGC Samples
The bulk specific gravity (G mb-measured ) was measured for the SGC-compacted samples according to the procedures described in the AASHTO T 166 standard test method. The theoretical maximum specific gravity (G mm ) was also measured for the loose mixtures according to the AASHTO T 209 standard test method. These gravities were used in the analysis of volumetric and compaction data.
Volumetric and Compaction Properties
The height and the number of gyrations during the compaction process were obtained from the SGC data acquisition system. The height was used to compute the volume of the asphalt mixture during compaction as follows: Where d = diameter of mold (150 mm) h x = height of mixture in mold during compaction
The estimated bulk specific gravity (G mb-estimated ) was then calculated using the computed volume of the mixture as shown in the equation below:
Where W mb = weight (mass) of the asphalt mixture in mold (sample) γ w = density of water (1 g/cm 3 ) A correction factor (CF) was determined to correct the estimated bulk specific gravity during compaction using the following equation:
Then the corrected bulk specific gravity (G mb-corrected ) at a specific height or number of gyrations during compaction was computed using the equation below:
The corrected percentage of maximum specific gravity (%G mm-corrected ) during compaction was also determined using the equation below:
The %G mm @N initial , %G mm @N design , and %G mm @N maximum were determined using the corrected percentage of maximum specific gravity (%G mm-corrected ) computed above at the three number of gyrations: N initial , N design , and N maximum , respectively.
The percentage of air voids (%V a ) was calculated using the equation below:
Where %G mm-N design = percentage of maximum theoretical specific gravity of mixture at N design .
The percentage of voids in mineral aggregate (%VMA) was computed using the following equation:
Where P s = percentage of aggregate by total mass of asphalt mixture G sb = bulk specific gravity of aggregate
The percentage of voids filled with asphalt (%VFA) was also determined as shown below:
Finally, the dust proportion or ratio (DP) was estimated using the equation below: (9) Where P 0.075 = percentage of aggregate passing sieve No. 200 (0.075 mm) P be = effective asphalt binder content, which was determined as in the following equation:
Where P b = percentage of asphalt binder by total mass of asphalt mixture G se = effective specific gravity of aggregate G b = specific gravity of asphalt binder
The volumetric and compaction properties were determined for all asphalt mixtures using the procedures described previously. These properties are summarized in Table 5 below: The volumetric properties as well as the compaction properties of all asphalt mixtures were plotted in histograms. The histograms shown in Figure 3 represent the results for the 9.5-mm NMAS.
From these results, it is obvious that the CRZ gradation provided the highest V a for NMASs of 9.5 and 19.0 mm, and the second highest V a for NMAS of 12.5 mm after the HRZ gradation, which came too close to it. On the other hand, the ARZ provided the lowest V a for NMASs of 9.5 and 19.0 mm, and the second lowest V a for NMASs of 12.5 mm after the BRZ gradation, which came very close to it.
It was also clear from the analysis that the CRZ, HRZ, and TRZ gradations provided the highest VMA values for NMASs of 9.5, 12.5, and 19.0 mm, respectively. It appeared from these findings that the NMAS had an effect on the volumetric properties and the ranking of the gradations passing through the restricted zone. The ARZ gradations provided the lowest VMA values for NMASs of 12.5 and 19.0 mm, but the HRZ gradation had the lowest VMA values for the 9.5-mm NMAS. The highest VFA values were obtained for the ARZ gradations with NMASs of 9.5 and 19.0 mm, whereas, for NMAS of 12.5 mm, the BRZ had the highest VFA values followed by the ARZ gradation. The HRZ gradations generally had the second highest VFA values after the ARZ gradations. On the other hand, the CRZ gradations had the lowest VFA values for the three NMASs: 9.5, 12.5, and 19.0 mm.
The ARZ gradations provided the highest values for %G mm at N initial , %G mm at N design , and %G mm at N maximum values for the three NMASs except that for the 12.5-mm NMAS, the BRZ gradation slightly provided higher %G mm at N design and %G mm at N maximum values than those for the ARZ but the increase was not significant. On the other hand, the CRZ gradations provided the lowest values for the three NMASs. It was also obvious from the tables of the results that the DP value was the highest for the TRZ gradations with NMASs of 9.5 and 12.5 mm, but for the NMAS of 19.0 mm, the highest value was obtained for ARZ followed by the TRZ. On the other hand, the lowest DP value was obtained for the BRZ gradations for the three NMASs.
CONCLUSIONS
The following conclusions are drawn based upon the results of this study:
1. Asphalt mixtures having CRZ and TRZ gradations with NMASs of 9.5 and 19.0 mm could be susceptible to permanent deformation (rutting) due to the high air voids associated with these mixtures, and so did the asphalt mixtures having HRZ gradation with NMAS of 12.5 mm.
2. Asphalt mixtures with CRZ, HRZ, and TRZ gradations could meet the Superpave criteria for VMA much easier than those with ARZ gradations.
3. Asphalt mixtures with CRZ gradations could have lower stability, higher rutting and shoving in field due to the low effective asphalt binder content as a result of low VFA values associated with these mixtures. On the other hand, asphalt mixtures with ARZ, HRZ, and BRZ gradations should have no troubles regarding effective asphalt binder content.
4. Asphalt mixtures with ARZ gradations generally could violate the Superpave criteria for compaction properties (%G mm at N initial , %G mm at N design , and %G mm at N maximum ) due to the high values associated with these mixtures.
5. Asphalt mixtures with TRZ gradations generally provided the highest DP values, whereas, asphalt mixtures with BRZ gradations provided the lowest DP value.
6. Aggregate gradation, restricted zone, and NMAS had significant effect on volumetric and compaction properties of asphalt mixtures.
